The capsid protein (CP) of Turnip crinkle virus (TCV) is a multifunctional protein needed for virus assembly, suppression of RNA silencing-based antiviral defense, and long-distance movement in infected plants. In this report, we have examined genetic requirements for the different functions of TCV CP and evaluated the interdependence of these functions. A series of TCV mutants containing alterations in the CP coding region were generated_ These alterations range from single-amino-acid substitutions and domain truncations to knockouts of CP translation_ The latter category also contained two constructs in which the CP coding region was replaced by either the cDNA of a silencing suppressor of a different virus or that of green fluorescent protein. These mutants were used to infect Arabidopsis plants with diminished antiviral silencing capability (del2 del3 dcl4 plants). There was a strong correlation between the ability of mutants to reach systemic leaves and the silencing suppressor activity of mutant CPo Virus particles were not essential for entry of the viral genome into vascular bundles in the inoculated leaves in the absence of antiviral silencing_ However, virus particles were necessary for egress of the viral genome from the vasculature of systemic leaves_ Our experi ments demonstrate that TCV CP not only allows the viral genome to access the systemic movement channel through silencing suppression but also ensures its smooth egress by way of assembled virus particles. These results illustrate that efficient long-distance movement of TCV requires both functions afforded by the CPo Pl a nt viruses commonly encounter an array of host defense mechanisms in the plants that they infect and have evolved diverse strategies of counter-defense. Virus-encoded suppres sors of RNA silencing (VSRs) are well-studied examples of such counter-defenses adopted by plant viruses (7, 20) . VSRs function to suppress RNA silencing, a potent antiviral defense process that degrades viral RNAs in a sequence-specific man ner (7). This defense process is initiated by the intracellular presence of double-stranded RNAs (dsRNAs), including dsRNA structures th a t are frequently present in viral RNAs, where some function as critical regulatory ele ments (32). Therefore, most RNA virus infections inevitably trigger RNA silencing.
The capsid protein (CP) of Turnip crinkle virus (TCV) is a multifunctional protein needed for virus assembly, suppression of RNA silencing-based antiviral defense, and long-distance movement in infected plants. In this report, we have examined genetic requirements for the different functions of TCV CP and evaluated the interdependence of these functions. A series of TCV mutants containing alterations in the CP coding region were generated_ These alterations range from single-amino-acid substitutions and domain truncations to knockouts of CP translation_ The latter category also contained two constructs in which the CP coding region was replaced by either the cDNA of a silencing suppressor of a different virus or that of green fluorescent protein. These mutants were used to infect Arabidopsis plants with diminished antiviral silencing capability (del2 del3 dcl4 plants). There was a strong correlation between the ability of mutants to reach systemic leaves and the silencing suppressor activity of mutant CPo Virus particles were not essential for entry of the viral genome into vascular bundles in the inoculated leaves in the absence of antiviral silencing_ However, virus particles were necessary for egress of the viral genome from the vasculature of systemic leaves_ Our experi ments demonstrate that TCV CP not only allows the viral genome to access the systemic movement channel through silencing suppression but also ensures its smooth egress by way of assembled virus particles. These results illustrate that efficient long-distance movement of TCV requires both functions afforded by the CPo Pl a nt viruses commonly encounter an array of host defense mechanisms in the plants that they infect and have evolved diverse strategies of counter-defense. Virus-encoded suppres sors of RNA silencing (VSRs) are well-studied examples of such counter-defenses adopted by plant viruses (7, 20) . VSRs function to suppress RNA silencing, a potent antiviral defense process that degrades viral RNAs in a sequence-specific man ner (7) . This defense process is initiated by the intracellular presence of double-stranded RNAs (dsRNAs), including dsRNA structures th a t are frequently present in viral RNAs, where some function as critical regulatory ele ments (32) . Therefore, most RNA virus infections inevitably trigger RNA silencing.
Once detected, viral dsRNAs are processed by plant dicer like (DCL) nucleases to small RNAs of discrete lengths (21, 22 DCLs (DCL2, DCL3, and DCL4), while the RNAs produced by DNA viruses are processed by all four DCLs (5, 6, 15, 22) . Conversely, a number of VSRs, among them the capsid protein (CP) of Turnip Clinkle virus (TCV), function by coun teracting the DCL-mediated, dsRNA-processing step (5, 19) . TCV is a small icosahedral virus with a positive-sense RNA genome of 4,054 nt. The 5' proximal open reading frame (ORF) of TCV (P28), together with its read-through product (P88), is responsible for genome replication and transcription (21) . Transc ription of the TCV genome leads to the produc tion of two subgenomic (sg) RNAs from the 3' half of the genomic (g) RNA, which serve as mRNAs for the movement proteins (MPs) (P8 and P9) and the CP (P38), respectively. In addition to packaging the TCV genome, P38 functions as the VSR, as well as the effector of resistance (R) gene-mediated defense (9, 19, 23, 28) .
TCV belongs to the Cannovirus genus of the Tombusviridae, a family of viruses that also includes the TombusvinlS genus (21) . One main criterion for grouping these two genera into the same family is the significant similarity shared by the CPs of their member viruses . Interestingly, viruses in these two genera use different proteins as VSRs. All carmoviruses tested so far use their CPs a s VSRs, while the CPs of tombu:;viru:;t:; such as Tomato bushy stunt vinlS (TBSV) do not suppress RNA silencing. Instead, tombusviruses encode a separate VSR termed P19 (27) . The carmovirus CP and the tombusvirus P19 have been shown to act at different steps in the antiviral si lencing pathways (20) . We are interested in determining the molecular require ments for the different functions of TCV CP . Previously, we demonstrated that certain TCV mutants containing single-amino acid changes within the N terminus of CP failed to induce R gene-mediated resistance but were fully capable of suppressing RNA silencing. This study uncoupled the ability of the CP to elicit R gene-mediated resistance from its VSR function (3). However, we were unable to determine whether the VSR func tion of CP was dependent on its ability to form virus particles, because in-frame deletions within the CP compromised pro tein stability in vivo. Although several earlier studies have shown th a t TCV CP is necessary for long-distance but not cell-to-cell movement of the virus in Arabidopsis plants (4, 12), they did not clarify whether assembled virions or the VSR activity of CP alone a llowed for viral long-distance movement, as the VSR activity of CP was not known then. A more recent report by Zhang and Simon (33) suggested that the VSR ac tivity of CP , but not virio n assembly , is sufficient for TCV long-distance movement. Nonetheless, they could not rule out the involvement of a small amount of assembled virions (30, 33 ).
In the current report, we have attempted to uncouple par ticle assembly and silencing suppressor functions of TCV CP and to evaluate their relative contributions to viral systemic spread in Arabidopsis. The VSR activity of TCV CP was dis rupted by replacing amino acid residues conserved among car moviruses but divergent from their counterparts in tombusvi rus CPs. Arabidopsis plants in which three antiviral DeL genes are nonfunctional (del2 del3 del4 plants) were used to com pensate for the loss of the VSR function of TCV CP. Our results show that, while VSR function of TCV CP is necessa ry for the viral RNA to reach the vascular tissue in systemic leaves, the particle assembly function of CP is required for efficient unloading of viral RNA into the leaf mesophyll. These results effectively uncouple the VSR function of CP from its particle assembly function and reveal the importa nce of virus assembly in vascular egress.
MATERIALS AND METHODS
Conslructs used for Agrobacterium tullle/aciells (strain C58CI)'medialed Iran· sienl expression (agro·infillration) in Nicotiano bell/hamillI/O leaves. The PZP· grcen fluorcsce nt pro tcin (GFP). PZP·CP. and PZP-PI 9 con struct s have bccn described before ( 19) . Binury plasm ids that cont uin full· length cDNAs of wild type TCY. TCY·CP"op, and TCY·GFP (PZP·TCY, PZP·TCY·CPsto p, and PZP-TCY·GFP) we re also described el sewh e re (17, 19) . The PZ p·CPstop (pre viously designated PZp·CP~) co nstruct is a mut ated form o f PZp·CP thut co n tains two con secutive stop cod ons after the fifth amin o acid o f TCY CP. The PZP·CPA , B, C, and F conSlructs conta in single· amino·acid cha nges at amino acids (aa) 128 (KI28Q) , 130 ( R!30T), 137 (RI 37H) , and 211 (K21IQ) ofTCY CP. respectively. Construcls used for in vitro Iranscriplion to generale infeclious RNAs. The pTCY (previo usly kn own as Tldl) construct has been described (1 9). The pTCY·CPstop construct contain s th e same mutati ons as PZP·CPstop. pTCYY PI9 is a slightly modified version of pTCY-PI 9 (22) , in which ali AUG s prior to the authentic start codon o f PI9 we re mut.ted, so th at the PI9 produced fro m th e new co nstruct initiates at the proper P19 initiation codol'l ( Fig. IA) . TCY· GfP is th~ same as TCY·sGFP, described previously ( 17) . The pTCY·CPA, ·B, · C, an d ·F constructs are derivat ives of pTCY th at incorporated the mutatio ns in PZP · CPA, ·B, ·C, and ·F, respectively (Fig. 1A) .
The pTCY· CPRil, constru ct was ge nerated by introd ucing a stop codon at the end of the arm dom ain (aa 81 ) o f TCY CP, so th at only the N-terminal RNA· binding ( R) domain and the arm would be translated in the in fect ed pl ants. pTCY·CPRASH has a stop codon at the end of the 5·aa hinge connecting the surface (S) and the protruding ( P) domains, so th at a truncat ed CP witho ut the J. YIROL. P domain would be translated. pTCY-~R contains an in·frame deletio n spanning from aa 5 to ail 52, resulting in a CP witho ut the R domain (Fig . I B) . All muta nts were sequenced to verify their ide nt ity. The sequ ences of oligo nU Cleotides used to produce th ese mutants . re available upon request.
A:~~____
Plant materials. Both N. benthami""a and Arabidopsis pl ants we re grown in a growth room set at 20"e, with 12 h of da yligh t. Agro-infiltration too k place whcn the N. bellthamia" a plants we re about 4 weeks old , with fo ur to five true le aves. RNA blot analysis. Total RNAs were extracted from infected or infiltrated plants and subjected to RNA blot analysis to detect TCV viral RNAs, green fluorescent protcin (GFP) mRNA. or siRNAs using protocols outlined in pre· vious reports (19, 22) . Different amounts of Arahidopsis RNA were used to detect viral RNA (I f.Lg) and siRNAs (5 f.Lg), whereas the same amount of N bellliwmi· alla RNAs (5 f.Lg) was used to detect GFP mRNA and siRNAs in the agro· infiitrated leaves .
Protein blots. Protein extracts were prepared from systemically infected leaves of Arabidop>i, (3l). Protein samples (5 ~g each) were separated on 12% poly· acrylamidc-D .1'i;. SDS ~els and subsequently transfCrred to pol)'vinylidene diflu· oride (PVDF) mcmhranes for detection of TCV CP with the corresponding antiserum.
III vilro dsRNA binding. The first 321 nt of Beall pod mOille vims (IlPMV)
RNA2 was used as the template for reverse transcription·PCR (RT·PCR) to generate a 38l·bp·long DNA fragment containing the n promoter sequence at both ends. This PCR fragment was then tr"nserihed in vilm into J2P.labeled , 321·bp·long dsRl"A. The labeled clsRNA was then mixed with excess amounts of unlabeled transcripts , subjected to incubation at 90°C for l min, and a\lowed to cool down slowly to room tempe rature. These steps ensured that most labeled RNA molecules were in double·stranded form.
The protLin ex[rarls were prepared from . " ', nenlhamilllla leaves a!!,ro-infll tratL:d with constructs that afC designed to express proteins to be examined, at lour uays afler infiltration. The binding experimenLs were carrkd 0111 following tl,c prutocut uf Mela; e l al. (t4) .
RESULTS
Alignment of CPs of multiple canno-and tombusviruses identifies a region conserved in carmoviruses. Structural stud ies have shown that the CPs of carmoviruses share a high level of similarity with their tombusviral counterparts, although tombusviral CPs do not suppress RNA silencing (1, 19). We reasoned that a comparison of the amino acid sequences of carmo-and tombusvirus CPs might identify a unique region in carmoviral CPs that could be responsible for silencing suppres sor activity. We therefore compared the CPs of three carmo viruses and three tombusviruses. The three carmoviruses in cluded were TCV, Hibiscus chlorotic ringspot virus (HCRSV), and Camation mottle vims (CarMV), all of which have been shown to use CP as a VSR (13, 19; F. Qu, unpublished results).
The three tombusviruses were TBSV, Cymbidium ringspot virus (CymRSV), and Cucumber necrosis virus (CNV), each of which uses a P19 homolog as the VSR (10, 29) .
A partial amino acid sequence alignment is presented in Fig.  2 . The overall sequence homology among the six CPs is evi dent, with invariable amino acids easily identifiable throughout the full length of CPs ( Fig. 2 and data not shown). Importantly, most of the invariable amino acids are concentrated 'Nithin the S domain of the CPs, spanning roughly from aa 100 to 280 of CymRSV CPo This region corresponds to aa 73 to 243 of TCV CPo Most of the conserved amino acids are shared by all six viruses, and very few of them are unique to viruses of either genus. Indeed, we were able to identify only 11 conserved carmoviral amino acids that are not shared by the tombusvi ruses. Notably, 4 of the 11 amino acids, corresponding to K128, R130, R137, and K211 in TCV CP (highlighted by asterisks immediately underneath the alignment in Fig. 2) , are basic residues, suggesting that they might be involved in dsRNA binding (14) . Since serving as VSRs is the function of carmo virus CPs not shared by tombusvirus CPs, we then tested the four conse rved basic residues in the TCV CP for their role in silencing suppression.
Site-directed mutagenesis identifies R130 and R137 as amino acids critical for the VSR function of TCV CPo To examine the possible role of these amino acids in silencing suppression, we replaced the four basic residues (K128, Rl30, Rl37, and K211) of TCV CP with their counterparts in TBSV CP to create four different TCV CP mutants: CPA (K128Q), ePB (Rl30T), CPC (R137H), and CPF (K2llQ) (Fig. 1A and  2 ). The VSR activity of these CP mutants was evaluated by agro-infiltration , uSing the fluorescence intensity of coex pressed green fluorescent protein (GFP) as a visual indicator. As shown in Fig. 3A , while CPA and CPF displayed virtually the same VSR activity as wild-type TCV CP (Fig. 3A , compare leaves 2, 5, and 8), CPB showed significantly weakened VSR activity (compare leaves 2 and 6). More dramatically, CPC ap peared to have lost the VSR activity completely, as the level of GFP fluorescence in the leaves coinfiltrated with GFP+CPC di minished to the same extent as that of GFP+CPstop, which could not produce any CP (compare leaves 3 and 7). The visual data were confirmed by RNA blot detection of GFP mRNA and siRNAs (Fig. 3B) . Consistent with the intense GFP fluorescence shown in Fig. 3A , CPA and CPF suppressed the silencing of GFP mRNA, permitting high levels of GFP mRNA accumulation (Fig . 3B , top panel; compare lanes 5 and 8 with lane 2). This was accompanied by the absence of GFP-specific siRNAs (Fig. 3B , middle panel , lanes 2, 5, and 8). In contrast, CPC was unable to prevent the degradation of GFP mRNA, resulting in low levels of GFP mRNA similar to that in the GFP + CPstop combination (Fig. 3B, top panel , lanes 3 and 7) . Accord ingly, GFP siRNAs also accumulated to similar levels in both samples (Fig. 3B, middle panel , lanes 3 and 7) . The CPB mutant was unique in that it permitted slightly higher accumulations of both GFP mRNA and siRNAs than CPC (Fig. 1B , lane 6 of top and middle panels). We speculate that partial suppression of RNA silencing by CPB might have stabilized a portion of GFP mRNA, providing the RNA silencing machinery with more template. Taken together, our agro-infiltration experiments implicate both Rl30 (CPB) and R137 (CPC) in the silencing suppression func tion of TCV CP.
It was shown previous. ly that TCY CP bound dsRNAs, and this dsRNA-binding activity was thought to contribute to its silencing suppression activity (14) . To evaluate whether the single-amino-acid mutations introduced by us compromised the dsRNA-binding activity of TCV CP, we agro-inliltrated N. benthamiana leaves with the mutant constructs. In addition , we sought to achieve similar expression levels for all CP mutants by including the P19 silencing suppressor in all infiltrations (Fig. 3C) . Protein extracts were then prepared from infiltrated leaves and subjected to coincubation with 32P-labeled dsRNA, using a procedure established by Merai et al. (14) . As shown in Fig. 3C (top panel) , CPF retained the dSRNA-binding activity of wild-type CP despite lower protein levels, whereas the other three mutants displayed dramatically reduced affinity to 1. VIRaL. dsRNA. The diminished affinity between CPA and dsRNA was particularly noteworthy because, unlike CPB and CPC, CPA protein accumulated to the level of wild-type CP (Fig. 3C , bottom panel). Considering the fact th a t both CPA and CPF remained strong silencing suppressors, our results suggest that dsRNA-binding might not be the sale mechanism of silencing suppression by TCY CP.
Infection Based on the symptoms on systemically infected leaves, the six mutants were divided into three classes. The first class includes CPA and CPF, which infected both Col-O and del2 del3 del4 plants systemically similarly to wild-type TCV. Symp toms were, however, more severe on CPA-infected plants and milder on CPF-in.fected plants than on those infected with wild-type TCV (Fig. 3D , compare the TCV, CPA, and CPF panels), These results confirmed that these th ree TCV CP variants effectively suppressed the DCL activity targeting TCV RNA in Col-O plants. We speculate that the symptom differ en.ces among these three TCV variants were probably th e consequence of some other VSR-independent functions of TCV CP.
Interestingly, further analyses revealed that the more severe symptoms caused by the CPA mutant was accompanied by a lower level of virus particle accumulation in systemically in fected tissues. As illustrated in Fig. 3F (top panel, lanes 3, 4, 9 , 10, 15, and 16), viral RNAs of CPA and CPF mutants accu mula ted to levels similar to those of wild-type TCV in both Col-O and del2 del3 deL4 plants. However, the CPA mutant produced a significantly reduced level of virions, suggesting that the K128Q mutation in CPA did compromise virus assem bly to some extent (Fig. 3F , middle pa nel; compare lanes 9 and 10 with 3 and 4). In contrast, the CPF mutant appeared to accumulate slightly more viruses than wild-type TCV (lanes 15 and 16). Viruses purified from the same amount of systemically infected tissues of Col-O as well as del2 deL3 deL4 plants were quantified by UV spectrometry, whieh showed th at the relalive ratio of these three viruses was approximately CPATCV: CPF = 0.4:1 :1.3 (average of three virus preparations). No significant difference was seen between the two kinds of plants,
To determine whether the difference in virion levels was caused by altered accumulation of CP, we subjected the pro tein extracts of systemically infected leaves to Western blot ana lysis with CP antiserum. As shown on the bottom two panels of Fig. 3F (lanes 3, 4, 9 CPF). These data, when considered together with the symptom severity of CPA-and CPF-infected plants (Fig. 3D ), suggest that neither the level of CP nor the concentration of virions correlates with the severity of disease symptoms.
The second class of mutants includes CPS and CPC, which caused visible systemic symptoms in del2 deL3 deL4 plants but not in Col-O plants (Fig. 3D, ePE and CPC panels) . This is in agreement with the results presented in Fig. 3A and B showing that the CPS and CPC mutations compromised the silencing suppression function of TCV CP. Note here that even though the CPB-infected del2 del3 del4 plants appear to be more diseased that the CPC-infected plants, the CPC infections ac tually proceeded more rapidly, causing the systemic leaves to wilt before they had a chance to expand.
The results of RNA blot analysis (Fig. 3F) were consistent with prior results showing that the VSR function of TCV CP is partially compromised in CPS but completely lost in Cpe. In infected Col-O plants, CPS RNA was detected at much re duced levels (Fig. 3F , top panel, lane 11), whereas CPC RNA was completely absent (lane 13). In del2 del3 del4 plants, both CPB and CPC RNAs were detected at high levels, although CPC RNAs were slightly less abundant (Fig. 3F , top panel, compare lanes 4, 12, and 14). This was expected, because all three antiviral DCLs (DCL2, DCL3, and DCL4) are knocked out in deL2 del3 del4 plants, compensating for the loss of the silencing suppressor function in the mutants.
CPC-infected del2 del3 del4 plants yielded very low levels of virions. As shown in Fig. 3F (middle panel, lanes 10, 12, and  14) , the CPS virions accumulated to a level similar to that of CPA virions in del2 del3 del4 plants, while the CPC virions were far less abundant than in either CPA or CPS infections. In fact, the concentration of purified CPC virus is at least lO-fold less than that of CPB and 30-fold less than that of wild-type TCV. Strikingly, the CP protein levels were similar in CPS-and CPC-infected del2 del3 del4 plants (Fig. 3F, bottom  two panels, lanes 12 and 14) . These results suggest that the R137H mutation in CPC dramatically diminished the ability of CP to form stable virions. Nevertheless, as the photographs in Fig. 3D illustrate, the defect in virion assembly did not seem to affect the systemic spread of the CPC mutant in del2 deL3 dcl4 plants. Together, our data with four single-amino-acid mutants suggest that virion assembly is not a prerequiSite for efficient systemic virus movement. This confirms that in the absence of active antiviral silencing, only a very low threshold of virus assembly is required to facilitate successful systemic movement of these mutants.
The third class of mutants includes TCV-CPstop and TCVV-P19. TCV-CPstop contains two consecutive stop codons shortly after the start codon of CP, whereas TCVV-P19 harbors TBSV P19 in place of CP in the TCV infectious clone (see Materials and Methods and Fig. 1A for details) . There fore, unlike the single-amino-acid mutants discussed above, neither of them was capable of producing any CP in infected plants, thus precluding the production of virus particles. Con sequently, these two mutants should help determine whether TCV CP facilitates viral systemic spread in ways that are in dependent of virion assembly or silencing suppression. As shown in Fig. 3D , TCV-CPstop caused systemic symptoms on dcl2 del3 del4 plants but not on Col-O plants. This was ex pected, as no functional VSR is encoded in this mutant.
TCVV-P19 infected 70 to 80% of both Col-O and del2 del3 del4 plants (Fig. 3D , the TCVV-P19 panel) , confirming previous reports showing that P19 functions downstream of DCL ac tions (10) . As shown in Fig. 3F (top panel, lanes 5 to 8) , the accumUlation of viral RNA in plants inkcted with these two mutants was much lower than in wild-type TCV-infected plants.
Notably, TCV-CPstop and TCVV-P19 caused a distinctive set of systemic symptoms that differed from those of plants infected with wild-type TCV and the CP variant mutants (CPA, -B, -C, and -F) . First, the symptoms caused by TCV CPstop and TCVV-PI9 were delayed for up to 1 week, as evidenced by the relatively larger size of infected plants (Fig.  3D) . Second, the symptoms caused by TCV-CPstop and TCVV-P19 were almost exclusively concentrated on the main veins. This is in contrast to the symptoms of other infections, which started mostly from the leaf laminas and edges. Usually, the petioles and midribs, and sometimes the secondary veins directly connected to the midribs, became completely discol ored (vein bleaching) before the rest of the leaf showed any indications of infection (Fig. 3D , the CPstop and TCVV-P19 panels; Fig. 3E ). In some cases, the dehydrated petioles caused the leaves to fall off while the leaf mesophyll remained green (data not shown). The close-up images in Fig. 3E , showing del2 del3 dcl4 plants infected with TCV-CPstop or CPC as well as representative examples of systemically infected leaves, further highlight these symptom differences. These results suggest that the lack of virus particles in the TCV-CPstop and TCVV-P19 infections may seriously impair the exit of viral RNA from the vascular bundles, thus restricting their replication inside the main veins. The relatively low levels of viral RNA in the sys temic leaves of plants with these infections are consistent with this observation (Fig. 3F, top panel, lanes 5 to 8) .
In support of this view, the uppermost young leaves of plants infected with TCV-CPstop and TCVV-P19 took on a bulged appearance and became severely twisted as infection pro ceeded, suggestivc of retarded development of veins relative to the mesophyll tissues in the same leaves ( Fig. 3D and E) . In contrast, CPC-infected young leaves stayed Iht despite the yellowing or necrotic spots on the leaf laminas. Therefore, while disrupting the plant antiviral silencing pathways allowed the CP-Iess mutants to reach the vasculature of systemic leaves, the particle assembly function of the CP appeared necessary for TCV RNA to exit the vascular bundles into the mesophyll cells.
Exit from vascular tissues in systemic leaves likely involves assembled virions. We next sought to more directly address the question of whether virus particles are required for TCV to exit the vascular bundles. Since none of our single-amino-acid mutants completely lost the capability of virion assembly, we decided to approach this question using mutants designed to express different domains of TCV CP. It is well established that TCV CP consists of five structural domains: the N-terminal RNA-binding domain (R domain) is followed by a short arm (A) that connects the R domain to the surface (S) domain. The S domain is in turn linked to the protruding (P) domain with a 5-aa hinge (H) domain (Fig. IB, top diagram) (1). We rea soned that if exit of TCV RNA from vascular tissues did not require virus assembly, then it might be possible to identify a specific domain of CP that would promote vascular egress. To test this idea, we made three additional TCV mutants. As shown in Fig. 1B , the TCV-CPRA (RA) mutant contains a stop codon at the end of the A domain so that only an 82-aa long N-terminal fragm e nt of CP would be produced in the infected plants. Similarly, the TCV-CPRASH (RASH) mutant harbors a stop codon at the end of the H domain so that the resultant CP would lack the P domain. The third mutant con tained an in-frame deletion (aa 5 to 52), leading to a CP without an R domain (Fig. 1B) .
The infectious RNAs of the mutants were inoculated into Col-O and del2 del3 del4 triple mutant plants to evaluate their ability to exit from vascular tissues in systemic leaves. As ex pected, none of the mutants were able to infect Col-O plants systemically, reflecting the lack of a functional VSR (data not shown). However, all three mutant viruses reached the vascu lar tissues of systemic leaves in del2 del3 del4 plants, as evi denced by the fact that mutant viral RNAs as we ll as trunca ted CPs were detected in the young leaves of del2 del3 del4 plants (Fig. 4A, lanes 10, 12, and 14; Fig. 4B, lanes 7 and 8) . The RA protein was not detected , possibly due to its smaller size or decreased stability. However, the systemic symptoms caused by these three mutants shared many of the same characteristics as those for TCV -CPstop: the older systemic leaves had a ch ar acteristic vein bleaching, with the leaf mesophyll staying rela tively healthy, while younger leaves showed severe bulging and twisting (data not shown). These observations suggested that TCV MUTANTS IN ARABlDOPSfS 7799 none of these mutants were able to exit the vascular bundle efficiently. Therefore, the entire CP appears to be required for vascular egress. The CP-less TCV-GFP mutant is restricted to the larger veins in systemic del2 del3 del4 leaves but spreads efficiently in CP-transgenic plant leaves. We next wanted to determine the exact boundary at which the assembly-deficient TCV mutants were restricted . Previously, Cohen et al. (4) showed that trans genic plants expressing TCV CP complemented the long-dis tance movement of a TCV-GFP construct in which the 5' half of the CP gene was replaced by GFP eDNA. We reasoned that the complementation mediated by transgenic CP might differ from that afforded by del2 del3 del4 plants, as the former would be expected to facilitate both silencing suppression and particle assembly. Experimental demonstration of this difference should help resolve the boundary that limits the movement of CP-less TCV mutants. We hence acquired P38CHS, a CP transgenic line in the Col-O background (8), and subjected both the del2 del3 del4 triple muta nt and P38CHS to infections with TCV-GFP.
Starting from 14 dpi, GFP fluorescence was observed in the systemic leaves of most del2 del3 del4 and P38CHS plants inoculated with the TCV-GFP transcript. Howeve r, both the strength an d distribution of GFP fluorescence were st rikingly differen t in these two kinds of plants. As shown in Fig. SA a nd B, while leaves of del2 del3 del4 plants glowed brightly with primarily vein-centered fluorescence distribution, the GFP flu orescence on P38CHS leaves was barely visible (see arrows in Fig. 5B fo r two weakly Iluoreseent leaves; note here that the exposure time for Fig. 5B was twice as long as for Fig. SA) .
Nonetheless, the distribution of GFP fluorescence in P38CHS leaves was much more even than in del2 del3 del4 leaves. This is unambiguously illustrated by fluor escent mic ros copy of selected leaves. As shown in Fig. 5C , the bright green fluorescence in systemically infected del2 del3 del4 leaves was mostly restricted to primary and secondary veins, with limited bleeding into areas adjacent to these veins. In contrast, the fluorescence in systemically infected P38CHS leaves was dis tributed throughout the whole leaf, with tertiary veins and vein networks distinctly visible (Fig. 5D) . The relatively intense fluorescence at the junctions of tertiary ve ins (arrows in Fig.  5D ), accompanied by narrow fluorescence voids immedi ate ly adjacent to primary and secondary veins, suggests that unlike del2 del3 del4 plants, P38CHS plants permitted highly efficient movement of TCV-GFP into tertiary veins, followed by its egress via tertiary vein junctions. This movement pattern is similar to that of a fully competent Potalo virus X derivative (PVX-GFP) in N. benthamiana (24) and a TCV construct th a t encodes a functional CP in Arabidopsis (34) . Therefore, our results demonstra ted that TCV-GFP beca me fully capable of vascular exit in the presence of transgenically expressed CP, most likely through virion assembly.
We then tried, but failed, to detect virions in TCV-GFP infected P38CHS plants, using a routine virus isolation proce dure. W e reasoned that virions formed by TCV-GFP RNA and transgenica lly expressed CP might not accumulate to the levels detectable by our procedure . To increase their expression lev els in plant cells, we sought to coexpress TCV-GFP and CP in N. benthamiana leaves through agro-infiltration-mediated de livery. Controls in this experiment included a wild-type TCV construct, as well as a mixture of TCV-CPstop and CP con structs. Coinfiltration of TCV-GFP and CP constructs led to high levels of TCV-GFP expression, as evidenced by strong GFP fluorescence in the infiltrated leaves (data not shown). The infiltrated leaves were subjected to virus isolation at 6 days after infiltration. As shown in the bottom panel of Fig. 5E , lane 1, large amounts of virions produced by wild-type TCV formed an intense band in the virion gel, which also served as the reference for the position of TCV virions. In lanes 2, 3, and 4, trans-assembled virions in CP+TCV-CPstop-and CP+TCV GFP-infiltrated leaves were at much lower yet distinctly visible levels.
To further confirm the presence of TCV-GFP RNAs in these virus particles, we subjected the virus gel to RNA blot hybridizations with GFP-specific (Fig. 5E, top panel) and TCV-specific (middle panel) probes. The intensity of GFP specific signals in CP+TCV-GFP lanes clearly demonstrated that TCV-G FP RNA was assembled into virus particles. These results strongly suggest that in transgenic P38CHS plants, the transgenically expressed CP subunits were capable of assem-
bling TCV-GFP RNA in trans to form virus particles, which in turn facilitated the efficient exit of the viral genome from vascular bu ndles.
T he PVX-GFP study (24) established that tertiary vein junc tions, but not primary and secondary veins (also known as class I and II veins), constitute the main exit points of PVX-GFP from vascular bundles. Consistent with this observation, we found that TCV-GFP, when restricted to primary and second ary veins (as in leaves of dcl2 del3 dcl4 plants), was unable to spread into leaf lamina (Fig. 5C ). We consider that the inability of naked TCV-GFP RNA to move into smaller tertiary veins in dcl2 del3 del4 leaves was the primary cause of its restriction in the vascular tissues.
Taken together, our results strongly suggest that TCV CP functions in two distinct capacities to facilitate viral systemic spread. First, suppression of RNA silencing by TCV CP facil itates entry of viral RNA into the vascular bundles from which it reaches systemic leaves. This function of TCV CP can be complemented by disrupting the silencing machinery of the plant host. Second, TCV CP is also required for efficient un loading of the viral RNA from the vascular tissues into the mesophyll cells of the systemic leaves. This particular function cannot be compensated by a VSR from a different virus or by shutting down the plant RNA-silencing machinery and hence is independent of its silencing suppression function.
DISCUSSION
Besides being the sole building block of the viral capsid, TCV CP plays critical roles in TCV long-distance movement and serves as a strong suppressor of RNA silencing-based host defense. TCV mutants with deletions within the CP coding region move cell to cell in Arabidopsis but are unable to spread into uninoculated leaves (4, 12) . Recently, similar CP deletion mutants were shown to gain systemic movement in Arabidopsis plants carrying mutations in key silencing pathway genes, hence establishing that the silencing suppressor activity of the CP was a critical prerequisite for TCV RNA to move into systemic leaves (5, 22) . However, no attempts were made to determine where the mutant RNA wa s located in the systemic leaves. Conversely, Simon and colleagues reported that TCV mutants with a 2-aa extension at the N terminus of CP pro duced little or no stable virus in the infected cells and yet were able to infect silencing-competent wild-type plants systemically (30, 34) . These reports all appear to support the conclusion that the silencing suppression function of TCV CP is the pri mary requirement for TCV systemic spread. What is not yet clear in these studies is whether these mutants exited from the vascular bundles into mesophyll or epidermal cells.
In the current report, we have reevaluated the role of TCV CP in viral systemic movement using mutantArabidopsis plants that lack antiviral RNA silencing activity. We compared infec tions by TCV mutants that produce no CP, partial CPs, or full-length CPs with various capacities of Silencing suppression and/or particle assembly ability, as well as by one mutant in which the viral CP was replaced by a VSR from a different virus. Our results permit the following conclusions. (i) The ability of virus mutants to invade the vasculature of systemic leaves is strongly correlated with their silencing suppression activity. Mutants that were unable to suppress RNA silencing could move only into systemic leaves in del2 dcl3 del4 plants that lacked effective antiviral silencing. (ii) In the absence of effective antiviral silencing (as in del2 del3 dcl4 plants), all mutant viruses that could assemble into virus particles showed symptoms indicative of efficient exit from the vascula r tiSSlIes of systemic leaves. The actual concentration of assembled virus did not seem to contrihute to the eificiency of exit. (iii) In the absence of effective antiviral silencing, ali viral mutants that were incapable of virion assembly shared similar symptoms that were primarily vein centered, suggesting that they were restricted to the vascular tissues in the systemic leaves.
Our first observation reiterates the existence of the first barrier to TCV systemic movement, which likely lies at the point of entry into the vascular bundles. This barrier can be overcome by silencing suppressors encoded by TCV or another virus (TBSV) or by disrupting the host antiviral silencing ma chinery (5, 22) . Virion formation is not needed to overcome this harrier, as exempli/kd hy the presence of TCV-CPstop RNA in the systemic leaves of dcl2 dcl3 dcl4 plants. This barrier may not pose a physical restriction of TCV RNA. Rather, it likely reflects the activity of antiviral silencing that is gradually enhanced by increasing concentrations of siRNAs in the surrounding cells (both mesophyll and vascular) as the infection progresses. This view is supported by the report of Deleris et al. (5) , which showed that a TCV mutant carrying a GFP insert was able to enter the phloem of the inoculated leaves of wild-type Arabidopsis plants when a higher dose of mutant RNA was applied to the leaves.
Our second observation concerns the apparent lack of cor relation between virus symptoms and the quantity of virus particles in the systemic leaves. We noted that the CPA mutant produced fewer virions than CPF but caused more severe symptoms. The same is true for CPC and CPB in del2 del3 del4 plants. Interestingly, the mutant CPs seem to accumulate to similar levels in infected cells (Fig. 3F , bottom two panels; compare CPA with CPF, CPB with CPC). While an inverse relationship between virion concentration and symptoms can not be firmly concluded here due to the limited number of mutants analyzed, it is clear that severity of symptoms is not strictly dependent on the level of virus accumulation in cells. We speculate that the vascular bundles may serve as a bottle neck for TCV systemic movement, limiting the number of trafficking virions. Similar bottlenecks have been shown to exist for Cucumber mosaic virus (CMV) in CMV-infected tobacco plants (11) .
The third observation is most striking because it showed very clearly that the absence of virus particles severely restricted the exit of viral RNA from vascular bundles of systemically in fected leaves. This is best illustrated by the different degree of complementation of TCV-GFP movement by del2 del3 dcl4 and P38CHS plants (Fig. 5) . Our observation is not inconsis tent with the results of Deleris et al. (5) showing that in del4 plants TCV-GFP was able to exit vascular bundles of petioles of inoculated leaves. The petiole vasculature could be struc turally different from the vascular tissues in the systemically infected leaves at the top of plants, the latter being the subject of our study. The indispensability of virus assembly for efficient vascular egress identifies the second barrier in the process of viral systemic movement. A similar barrier has been noted by Chen and Citovsky (2) in tobacco leaves that restrict the vas- (2) . Additionally, the vein-centered symptoms caused by TCV-CPstop and other as sembly-defective mutants are reminiscent of those seen on N. benthamiana plants infected with TBSV mutants lacking a functional CP (16, 18, 26) . This suggests that a requirement for assembled virions at the step of vascular unloading may be more common than previously recognized.
TCV MUTANTS IN ARABIDOPSIS
The mechanism of restricted unloading of viral RNAs from plant vasculature awaits further investigation. The study by Chen and Citovsky (2) seems to implicate a specific host fac tor(s) in this process. However, it is not clear whether direct interactions between viral gene product(s) and host proteins are needed . Our result with the TCV-GFP mutant suggests that this restriction might be caused by the failure of unas sembled RNA to move effectively in the progressively smaller vascular bundles, thus preventing it from reaching the tertiary vein junctions where ellicient cxittakcs placc (24) . Wc showcd that TCV-GFP rarely entered tertiary veins of systemic del2 del3 del4 leaves but did so efficiently in P38CHS leaves (Fig. 5C and D), which provided CP for particle assembly in trans. By extension, the inability of other CP-less TCV mutants to reach tertiary vein junctions likely accounts for their low efficiency of vascular exit.
In summary, our current study has successfully uncoupled CP silencing suppression from virion assembly. We further showed that the silencing suppression by TCV CP enabled the long-distance movement of viral RNA to the vascular bundles of the systemic leaves yet was insuITIcient to support the exit of viral RNA from the vascular tissues. Our current data favor the idea that assembled virions are needed for this final step of TCV systemic movement.
